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at the Chinese University of Hong Kong in July 2010 
Recently, one of the endomembrane protein 70 kDa (EMP70) gene products 
has been identified in multivesicular body (MVB)-enriched fractions from 
Arabidopsis suspension cultured cells. Ten homologs are found under the 
AtEMPTO superfamily in Arabidopsis genome. EMP70 family proteins are 
highly conserved in Caenorhabditis elegans. Homo sapiens, Saacharomyces 
cerevisiae and Arabidopsis thaliana. AtEMPl^ family proteins are integral 
membrane proteins belonging to a novel family with little information about 
their subcellular localization and function. In my study, transgenic Nicotiana 
tabacum (tobacco) BY-2 cell lines expressing GFP-tagged or T7-tagged 
AtEMPTO fusion proteins were generated for subcellular localization study. 
Confocal immunofluorescence study, subcellular fractionation and Western 
blot analysis were carried out. Also, in transient expression system, 
AtEMP70-GFP and GFP-AtEMP70 constructs were co-expressed with 
iii 
organelle markers in Arabidopsis protoplasts for protein localization. It was 
demonstrated that endogenous AtEMPTO and N-terminal GFP tagged proteins 
localized to the Golgi apparatus. However, C-terminal tag (either GFP or T7) 
could affect the targeting of the fusion proteins suggesting important targeting 
motifs in the C-terminal cytosolic tail of AtEMPTO. 
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, Chapter 1 General Introduction 
1.1 The Plant Secretory Pathway 
In the secretory pathway, newly synthesized proteins are transported through 
an endomembrane system prior to reaching their final destinations. There are 
numbers of key components in the endomembrane system, including the rough 
endoplasmic reticulum (rER) for protein {ranslation, the Golgi apparatus for 
post-translational modification, the trans-Golgi network (TGN) as a sorting 
centre, the prevacuolar compartment (PVC) and finally the vacuole or 
lysosome. Proteins with an N-terminal signal peptide (SP) are inserted into the 
ER for subsequent passing through the endomembrane system for reaching 
their targeting destinations (Lam et aI., 2007b). Vacuolar sorting receptors 
(VSRs) can recognize soluble cargo proteins with vacuolar sorting 
determinants (VSDs) and pack them into the clathrin-coated vesicles (CCVs) 
for further delivery to PVC and vacuole in plant cells (Jiang and Roger, 2003). 
All eukaryotic cells sh~re a similar endomembrane system for the 
secretory pathway. PVC in plant cells was first identified using electronic 
microscopy (EM) techniques as multivesicular body (MVB), a late endosome 
equivalence in animal cells (Tse et aI., 2004). Later on, the tubular-vesicular 
TGN in plant cells is proven to function as an early endosome (Lam et aI., 
1 
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Figure 1 The plant secretory pathway. 
Proteins are first synthesized in the rough ER and transported to the Golgi 
apparatus and trans-Golgi network (TGN). Proteins with targeting signals 
such as vacuolar sorting determinants (VSDs) can be recognized by 
vacuolar sorting receptors (VSRs) and transported to prevacuolar 
compartments (PVCs) via clathrin-coated vesicles and finally reaching 
the lytic vacuoles (LVs). TGN and PVC are identified as early and late 
endosomes respectively in plant cells. 
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1.2 AtEMPVO as a Potential Candidate in PVC Proteomics 
Analysis 
Multivesicular bodies (MVB) were first identified as PVC in our laboratory 
(Tse et al., 2004). Therefore, the molecular mechanisms of PVC biogenesis 
and PVC-mediated protein trafficking in plant cells have become one of the 
major research topics in the laboratory. An organelle proteomic technique has 
thus been developed and used to identify PVC proteins in plant cells to be 
selected and used as potential protein candidates for studying PVC biogenesis 
(Mo et al., 2006). PVCs were isolated from Arabidopsis suspension cultured 
cells via subcellular fractionation, followed by SDS-PAGE and subsequent 
LC-MS/MS analysis for protein identification. As a result, more than 300 
proteins have been identified from such PVC proteomic analysis. AtlG14670 
is one of them, which belongs to the endomembrane protein 70 kDa (EMP70) 
superfamily. The genome of Arabidopsis thaliana contains ten AtEMPTO 
members termed AtEMPl-10 in this study. Table 1 summarizes the 
information of AtEMP 1-10. 
4 
Table 1 The ten members of the Arabidopsis AtEMPTO 
family proteins 
AtEMPTO TAIR locus Accession Predicted molecular 
number mass (kDa) 
AtEMPl AT5G10840 NM—121122* 74.47 
AtEMP2 AT5G25100 Q9C5N2 74.12 
AtEMP3 AT2G24170 Q8RWW1 73.35 
A t E M P 4 A T 1 G 5 5 1 3 0 Q9C720 73.62 
AtEMP5 AT3G13772 Q9LIC2 74.23 ^ 
A t E M P 6 A T 5 G 3 5 1 6 0 NM—122907* 71.05 
AtEMP7 AT1G14670 Q940S0 68.08 
A t E M P 8 A T 2 G 0 1 9 7 0 Q9ZPS7 
A t E M P 9 A T 5 G 3 7 3 1 0 Q9FHT4 68.08 
AtEMPlOAT1G10950 Q940G0 66.90 
*No accession number was found for AtEMPl and 6, instead mRNA reference 
was provided. 
5 
1.3 EMP70 Protein Family 
1.3.1 Arabidopsis EMP70 Protein Family 
The AtEMPTO superfamily comprised of ten putative proteins that share a 
highly conserved structure with a predicted molecular weight around 70kDa. 
All these ten protein members have a predicted N-terminal signal peptide (SP), 
followed by a hydrophilic N-terminal region, nine conserved transmembrane 
domains (TMDs) and a short hydrophilic cytosolic tail (CT) of around 18-22 
amino acids (Figures 2 and 3). 
The existence of nine predicted TMDs suggests that all AtEMPTO 
protein members are membrane proteins, but little is known about the 
subcellular localization and function of AtEMPTO in plants. All AtEMPTO 
shares more than 40% amino acid similarity and some members share up to 
80% amino acid identity. AtEMPTO can be further divided into two groups 
according to their length and amino acid sequences of the hydrophilic N-
terminal region (Sugasawa et aL, 2001; Benghezal et al., 2003). AtEMPl-5 
belong to the first group containing both a longer hydrophilic N-terminal 
region and the "FYLPGVAP" sequence right after the signal peptide. The 
second group AtEMP7-10 have a short N-terminal region and the 
"VGP(F/Y)(H/N)BP(Q/S)ETY" sequence at position around 50. 
6 
Hydrophobicity of AtEMP70 
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Figure 2 Hydrophobicity of AtEMPTO family proteins. 
The hydrophobicity of AtEMP2 is showed in graph. An N-terminal 
signal peptide was predicted, followed with a rather hydrophilic 
region (region with negative hydrophobicity value). Nine 
distinctive transmembrane domains (TMDs) were indicated. 
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Topology prediction of AtEMP2 
fltCT 0 
/ \ “ 
I I , “ \ J s / » 
« I I 
I * « • I 
J J \ i i ' « « 
* J J » “ * * A Cytosol prk^  ctt!]'" p ^ p^"' 
‘ , c’*’' I"' 
,• 
-liH 
I iimpn -^.N 2 ^ « / \ / ,. ‘ Lu e  ^ ,…. …/ ” ‘ “* 
f N 
0 0 V « 
/ I 
a awkvs s e r^e. 
J y 
t I a^-^f T®*  f 
Y o J » « ^ « I ® ; S J ® I . nyorophomc revom tiydfoj^sc residue 
' i ; i J s J J 2 5 i ^ i 2 positively cnarged resKSue negatively charged residue 
r s ; s s ; ? ^ s ? s ' i 1 •isp • tms 
c B » A f US f ' 
W %«* "W » "Hi' 
Figure 3 Predicted topology of AtEMPTO family proteins. 
Precise topology prediction of AtEMP2 is showed in graph. An N-
terminal signal peptide was predicted, followed with a rather hydrophilic 
region (region with negative hydrophobicity value). Nine distinctive 
transmembrane domains (TMDs) were shown and followed by a short 
cytosolic tail. 
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1.3.2 EMP70 Homologs Among Different Species 
Homologs of EMP70 have been identified in different species including yeast 
{Saccharomyces cerevisiae), human {Homo sapiens), slime mould 
(Dictyostelium discoideum), fruit fly {Drosophila melanogaster) and C. elegan. 
EMP70 proteins were first studied in yeast termed Tmnl-3 that localized in 
late endosomal fraction (Singer-Kruger et al., 1993; Froquet et al., 2008). 
There are four EMP70 proteins reported in human genome that are grouped 
into a transmembrane 9 superfamily (TM9SF). The four protein members 
TM9SF1-4 were localized to an endosomal compartment (Chluba-de et al., 
1997; Schimmoller et al., 1998; Sugasawa et al., 2001). Phgla-c, homologs of 
EMP70, in Dictyostelium discoideum may function as signal modulators in 
endocytic pathway (Comillon et al., 2000; Benghezal et al., 2003). A recent 
study showed that knockout mutants of TM9SF4 in Drosophila had defects in 
phagocytosis and reduced the immunity of Gram-negative bacteria due to 
impaired actin cytoskeleton (Bergeret et al., 2008). 
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1.4 Aims of This Study 
One of the AtEMP proteins (Atlgl4670) has been identified via PVC 
proteomics analysis in our laboratory while other organelle proteomic studies 
in plant cells also identify AtEMP proteins. A previous mapping study 
predicted that AtEMP proteins should localize to the Golgi apparatus in plant 
cells (Dunkly et al., 2006) while AtEMP were found in PVC fractions in our 
lab. Due to the disagreement in the subcellular localization of AtEMP and 
little information on AtEMPTO functions, our laboratory has started to study 
the AtEMP protein family using a combination of molecular, cellular and 
genetic approaches. Thus, the overall objective of this thesis research is to 
determine the subcellular localization of selective AtEMP proteins in plant 
cells. Since AtEMPTO contains two subgroups, I have chosen AtEMP2 in 
group II in my study while my labmate picked AtEMPS and AtEMP 10 in 
group I for his study. 
Specific objectives of this study include the followings: 
(1)To generate AtEMP2-GFP and GFP-AtEMP2 constructs in pBI221 to 
be used for transient expression in Arabidopsis or BY-2 protoplasts for 
localization study. 
(2) To carry out transient expression study to determine the subcellular 
localization of AtEMP2. 
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(3) To generate and characterize transgenic tobacco (Nicotiana tabacum) 
BY-2 cells expressing AtEMP2-GFP and AtEMP2-T7 fusions. 
(4) To generate and characterize antibodies for AtEMP members using 
synthetic peptides. 
(5) To perform immunofluorescent study on transgenic BY-2 cell lines 
with antibodies against known marker proteins and AtEMPTO. 
(6) To perform subcellular fractionation and western blot analysis with 
AtEMP antibodies using Arabidopsis wild type cells to further 
investigate the subcellular localization of endogenous AtEMPTO. 
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Chapter 2 Materials and Methods 
2.1 Generation of Arabidopsis cDNA 
For the construction of AtEMP2-GFP and AtEMP2-T7, the full length 
Arabidopsis EMP2 cDNA sequence was amplified by PGR using cDNA 
generated from the Arabidopsis leaves RNA. 
To extract RNA, Leaves from 3-week-old wild type Arabidopsis 
(Columbia ecotype) leaves were freeze in Liquid Nitrogen and ground to 
powder. 1ml Trizol (Invitrogen) was added to the powder and mixed well. 200 
^L chloroform was added in and left in room temperature for 3 min, and 
followed by centrifugation at 12,000g for 15 min at 4 C. The upper aqueous 
layer was mixed with 500 |iL isopropanol and left in room temperature for 10 
min before centrifugation for 10 min. The pellet obtained was washed with 
750/0 ethanol prepared in DEPC H2O and followed by 5 min centrifugation. 
After the pellet was completely dried in 37°C incubator and dissolved by 30 
|iL DEPC H2O. 
To remove the genomic DNA, 5 of the dissolved RNA was treated 
with 1 ^L Promega RQl DNAse I at 37°C for 45 min. To stop the reaction, 1 
|iL stop solution was added and followed by 15 min incubation at 70 C. To 
generate cDNA, 1 \iL oligo dT primer at 100 |ig mL] was added. 72 C 10 min 
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incubation was used to fully denature the RNA. Then a master mix containing 
4 ^L 5X buffer, 1 ^iL lOmM dNTP, 2 pL DTT and 1 pL SSII Reverse 
Transcriptase (Invitrogen) was added and incubated at 42°C for 1 hr. 10 min 
incubation at 72°C was used to stop the reverse transcription. The final cDNA 
product was prepared in 1:100 dilution and 1 |iL was taken for PGR. 
2.2 Plasmid Construction 
For constructing AtEMP2-GFP, full length AtEMP2 sequence was cloned into 
pBI121 containing GFP with two primers (forward primer, 5' 
GGGGGATCCATGGAGTTTTATAGAAGTTCTAGAAGATTACAAATTC 
T T 3 , ; r e v e r s e p r i m e r , 5 ‘ G G G C T C G A G A T C G A T C T T T A C C G A G G A A T A G 
ATGAG 3'). AtEMP-T7 was amplified by the two primers (forward primer, 5' 
GGGGGATCCATGGAGTTTTATAGAAGTTCTAGAAGATTACAAATTC 
T T 3 ' ; r e v e r s e p r i m e r , 5 ' G G G C T C G A G T C A A C C C A T C T G C T G A C C A C C A 
G T C A T C G A A G T C A T A T C G A T C T T T A C C G A G G A A T A G A T G A G 3 ). 
Both of them were digested by BamHI and Xhol enzymes and ligated into 
pBI 121 vector. 
For constructing GFP-AtEMP2, full length AtEMP2 sequence was 
cloned into pBI221 containing GFP with signal peptide by two primers 
(forward primer, 5' GGGCTCGAG CCTCAGGATTTCGAAAAGGAG 3’ 
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r e v e r s e primer, 5 ' G G G G G T A C C T C A A T C G A T C T T T A C C G A G G A A T 3’ . 
For constructing GFP-S-AtEMP2, it was amplified by the two primers 
(forward primer, 5’ GGGCTCGAG AGCGACAATCAAATTCACTGGTTT 
3,; reverse primer, 5’ GGGGGTACC TCAATCGATCTTTACCGAGGAAT 
3’ . Both of them were digested by Xhol and Kpnl enzymes and ligated into 
pBI221 vector. 
2.3 Transformation of Tobacco BY-2 Cells 
The constructs of AtEMP-GFP and AtEMP2-T7 in pBI121 were transformed 
into tobacco BY-2 cells by Agrobactermm-mediated transformation method. 
The plasmids were first introduced into Agrobacterium (strain PMP90) by 
electroporation as described previously (Tse et al., 2004; Lam et al., 2007a). 
Frozen A. tumefaciens PMP90 competent cells were transformed with 1 i^L of 
plasmid DNA by electroporation. The cells and DNA mixture was transferred 
to a pre-chilled 0.2 cm electroporation cuvette (Bio-Rad, Hercules, CA). An 
electric pulse of 25 ^iF, 2.5 kV and 600 Q was applied with the use of Gene 
Pulser (Bio-Rad, Hercules, CA). 1 mL of YEP medium (1% (w/v) Bacto yeast 
extract, 1% (w/v) Bacto Peptone, 0.5% (w/v) NaCl, pH7.0) was added 
immediately after the pulse. The bacterial suspension was spread on YEP agar 
plate containing kanamycin (50 mg rifamycin (100 mg L]) and grown at 
28®C for 2 days. Transformants were confirmed by colony PGR. Transformed 
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A. tumefaciens was used to co-cultivate with three-day-old wild type 
suspension BY-2 cells at 28^C for 2 days in dark. After 2 days, the cells were 
washed with MS medium (Sigma-Aldrich) and transferred on MS agar plate 
containing kanamycin (50 m l / ) and cefotaxime (250 m l / ) and 
incubated at room temperature for 3 to 4 weeks in dark. 
Resistant calli were subjected to preliminary screening for GFP signals 
and patterns via confocal fluorescence microscopy. Selected transgenic cell 
lines were further transferred into MS liquid medium containing kanamycin to 
initiate suspension culture. Transgenic BY-2 cell lines were maintained by 
subculturing twice per week in liquid MS medium and callus were subcultured 
twice per month on MS agar plates supplemented with kanamycin (50 |ig mL" 
1). 
2.4 Confocal Immunofluorescence Studies 
Fixation and preparation of tobacco BY2 cells and their labeling and analysis 
by confocal immunofluorescence have been described previously (Li et al, 
2002; Tse et al., 2004). For single immunolabeling, polyclonal or monoclonal 
antibodies were incubated at 4 overnight at 4 [xg/mL for anti-VSRAM 
(PVC marker), anti-ManI (Golgi marker), anti-GFP and anti-AtEMP2. All 
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confocal fluorescence images were collected using Olympus 1X81 Motorized 
Inverted Microscope. The settings for confocal images collection and images 
processing using Adobe Photoshop software were as described previously 
(Jiang and Rogers, 1998). 
2.5 Drug Treatments 
Two drugs are used in this study to distinguish different organelles in the plant 
cells. Brefeldin A (BFA) (Sigma-Aldrich) was added to 3-day-old log phase 
suspension cultures at low concentrations (10 |Lig mL] ) and incubated for 1 hr 
before observation. For wortmannin experiments, wortmannin (Sigma-Aldrich) 
was added to the suspension cultures to give a final concentration (16.5mM) 
and incubated for 1.5 hr before confocal imaging. Each drug treatment was 
repeated at least twice with similar results. 
2.6 Transient Expression in Protoplasts 
Transient expression was performed as previously described (Miao and Jiang, 
2007). Arabidopsis thaliana PSB-D wild type cells and tobacco BY-2 wild 
type cells were used in the experiment. 50mL 5-day-old cells were pelleted by 
centrifugation at 1,000 rpm for 2 min and digested with 1% (w/v) cellulase, 
0.05% (w/v) pectinase and 0.2% (w/v) driselase in TEX buffer (4.3 g L'^  MS 
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salts, 0.4 M sucrose, 500 mg L ] MES hydrate, 750 mg I/ i C^ClrlUjO, 250 
mg L ] NH4N03, pH5.7) for 2 hr with shaking at 130 rpm in dark. Digested 
protoplasts were centrifuged at 80 g for 15 min using swing bucket and slowed 
down without deceleration. A glass pipette was inserted through the floating 
protoplasts layer to remove the bottom dead cells and the solution by a pump. 
Electroporation buffer (0.4 M sucrose, 2.4 g L ] H E P E S , 6 g L ] KCl, 600 mg 
L.i CaCl2-2H20, pH 7.2) was added. Then centrifugation and washing with 
electroporation buffer was repeated twice. The protoplasts were resuspended 
to 4 mL using electroporation buffer. 500 |iL protoplasts were transferred to 
0.4 cm electroporation cuvettes and mixed with 100 [iL DNA (with 40 \ig 
DNA construct). Electroporation at 130 V, 1000 |iF, oo Q was carried out. The 
electroporated protoplasts were left to stand for 10 min. Then 2 mL TEX 
buffer was added. The protoplasts were incubated in a Petri dish at 26°C in 
dark. Protoplasts can be observed for fluorescent signals at 12-20 hr after 
electroporation. 
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2.7 Generation of Antibodies 
Amino acid sequences of AtEMPTO were analysed by Mac Vector to obtain the 
appropriate region for peptide synthesis and rabbit injection. Basically, von 
Heijne transmembrane test (von Heijne, 1992) was used to predict the 
topology of AtEMPTO so that the signal peptide region and nine 
transmembrane domains were characterized. Mac Vector was equipped with 
antigenic index plot software (Jameson and Wolf, 1988) to select the region 
with high antigenicity which was able to trigger high immune response, Kyte 
and Doolittle hydrophilicity test (Kyte and Doolittle, 1982) to graphically 
display the region with higher hydrophilicity. Designed peptide sequences 
were synthesized by GenScript (GenScript, Piscataway, NJ). Rabbit injection 
was carried out by GenScript and also in animal house of CUHK. First, the 
synthetic peptides were conjugated to mariculture keyhole limpet hemocyanin 
(mc-KLH) to enhance the ability of triggering immune response. Rabbits were 
injected with the conjugated synthetic peptide twice a week for four times. 
Two weeks after the last injection, blood samples were collected once a week 
for three times and finally the rabbit was culled for blood collection. After 
centrifugation, clear serum was collected for affinity purification of antibodies. 
Colum was prepared by conjugatin the synthetic peptide to CNBr-activated 
Sepharose (Sigma-Aldrich) and used to affinity purify the antibodies. 
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Peptides used to generate AtEMP2 antibodies were listed in Table 2. 
The antibodies were screened for their specificity. AtEMP2-l and AtEMP2-5 
were found to be suitable for Western blot analysis. AtEMP2-4 and AtEMP2-8 
were used in fractionation of wild type Arabidopsis. Only AtEMP2-8 was 
determined to be best for use in immunofluorescent study in transgenic BY-2 
cell lines. 
2.8 SDS-PAGE and Western Blot Analysis 
Suspension cultured cells of Arabidopsis wild type PSB-D, wild type tobacco 
BY-2 and transgenic cell lines were dried. Liquid nitrogen was applied to 
freeze the cells, followed by grounding of the cells. Cells were grounded into 
fine powder and transferred to an eppondorf. 250 i^L of 5X protein extraction 
buffer (Tris-HCl 250 mM, NaCl 750 mM, EDTA 5 mM, PMSF 0.5 mM, 
Leupeptin 25 |ig mL]) was added to the powder before centrifugation 
centrifuged at 14,000 rpm for 20 min at 4 C. Supernatants were collected as 
cell soluble (CS) fraction and 1% SDS was added to help denaturing the 
proteins. 300 |iL of IX extraction buffer with 1% SDS was added to the pellet 
before second round of centrifugation. Supernatants were collected as cell 
membrane (CM) fraction. Unhealed samples were used for general SDS-
PAGE protein separation and immunodetection. In the study of heat effect, 
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thermomixer was used as a precise temperature control for heating protein 
samples. 
Protein samples were mixed with 5X sample loading buffer (0.0625 M 
Tris-HCl, pH 6.8 5% SDS, 1% P-mercaptoethanol, 10% glycerol, 0.01% 
bromophenol 37 blue), followed by separation with SDS-PAGE. The SDS-
PAGE was prepared by using 10% acrylamide gel in all experiment. Western 
blot was performed afterwards. Nitrocellulose membrane (Whatman, Germany) 
was used for transferring the proteins. For immunodetection, membrane was 
blocked in PBS with 5% skimmed milk with at room temperature for 1 hr or 
4°C overnight. Three rounds of washing with PBST (0.1% (v/v) Tween 20 in 
PBS) were performed before adding 4 |Lig mL'^  primary antibodies at 4°C 
overnight. Another three rounds of washing with PBST were carried out 
before adding HRP-conjugated anti-rabbit secondary antibody (Amersham) at 
1:8000 dilution at room temperature for 45 min. After three times of washing 
with PBST, ECL Western blotting detection reagents (GE Healthcare) were 
added onto the membrane in 1:1 ratio. Immunodetection was conducted in the 
dark room. 
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2.9 Microsomal Protein Extraction 
Arabidopsis suspension cultured cells were ground to a fine powder in liquid 
nitrogen and suspended in extraction buffer (Tris-HCl 250 mM, NaCl 750 mM, 
EDTA 5 mM, PMSF 0.5 mM, Leupeptin 25 |Lig mL'^), and then centrifuged at 
10000 g for 20 min to produce supernatant (SIO) and pellet (PIO) fractions. 
The SIO fraction was then subjected to ultracentrifugation at 100000 g for 1 hr, 
and the resulting supernatant and pellets were assigned as SI00 and PI00 
fractions. The PI00 pellets were resuspended in protein extraction buffer with 
the same volume as the supernatant fraction. Proteins of equal volume of SI00, 
PlOO and PIO fractions were separated by SDS-PAGE, followed by Western 
blot analysis. 
2.10 Subcellular Fractionation 
Tobacco or Arabidopsis suspension cultured cells were maintained in log 
phase. 6 vases of 50 mL suspension cultured cells were pulled together and 
washed with 0.4M mannitol for two times. Then, 20 mL of lysis buffer (1% 
cellulase, 0.05% pectinase, 0.5% driselase in 0.4M mannitol) was added to 
digest the cells into protoplasts. After 1 hr incubation in 30°C 95 rpm, cells 
were observed under microscope to check the efficiency of lysis. Supernatant 
was removed after 800 rpm centrifugation for 5 min. Protoplasts were washed 
twice with 0.4M mannitol. 13.7% sucrose solution in basic buffer (500mM 
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Hepes-NaOH at pH7.2, 200mM KCl and lOOmM EDTA, pH8) was added in 
1:2 dilution. Protoplasts were passed through a 25G needle for at least 4 times 
until protoplasts were lysed completely. 
The lysed protoplasts were loaded on a 50% sucrose solution (w/v in 
basic buffer). Ultracentrifugation at 110 000g was carried out for 1 hr at 4 C. 6 
mL of samples should be obtained from the interface of the gradients and 
same volume of basic buffer with lOOmM MgCb was added. The mixed 
samples were loaded on the top of a 25-50% linear sucrose gradient prepared 
by gradient marker. Ultracentrifugation at 110,000g was carried out for 3 hr at 
4 C. A hole was made on the bottom of the centrifuge tube for fraction 
collection. 1 mL sample was treated as one fraction. 24 fractions were 
collected in total. Fractions were concentrated by another round of 
ultracentrifugation. Fractions were diluted by three times in basic buffer with 
Mg. Ultracentrifugation at 110,000g was carried out for 15 min at 4°C. 
Supernatant was discarded and IX protein extraction buffer with 1% SDS was 
used to dissolve the pellet. The samples were subjected to SDS-PAGE protein 
separation and Western blot analysis. 
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2.11 Membrane Strip-off 
Membranes of the fractionation were stripped for second round of probing and 
detection so that detection of two AtEMPTO antibodies can be compared on 
the same membrane. Comparison of the distribution of endogenous AtEMPTO 
along the collected fractions can be made precisely. After first round of 
Western blot detection, membrane was incubated with stripping buffer (2% 
SDS, 62.5mM Tris-HCl pH6.8, 0.8% p-mercaptoethanol) at room temperature 
for 1 hr with shaking. The stripping buffer was preheated to 70°C before 
applying to the membrane. Stripped membrane was blocked with 5% skimmed 
milk in PBS and it was ready for second round of immunodetection. 
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Chapter 3 Results 
3.1 Subcellular Localization Study of GFP-tagged 
AtEMP2 Fusions via Transient Expression 
3.1.1 AtEMP2-GFP Localized to TGN in BY-2 Protoplasts 
First, I used the transient expression system of BY-2 protoplasts to study the 
subcellular localization of GFP-tagged AtEMP2. When AtEMP2-GFP was co-
expressed together with known markers in the same living cells, the 
relationship of these two proteins can be compared directly in the same cells 
so as to investigate their subcellular localization. As shown in Figure 4, in BY_ 
2 protoplasts, AtEMP2-GFP did not colocalize with the Golgi marker Manl-
mRFP, rather, these two signals were closely associated (Figure 4, panel 1). 
After 1 hr BFA treatment, punctate signals from both AtEMP2-GFP and 
Manl-mRFP formed visible aggregates whereas they remained largely 
separate but closely associated (Figure 4, panel 2). The result indicated that the 
punctate organelle of AtEMP2-GFP was distinct from but closely associated to 
the Golgi apparatus and sensitive to BFA treatment. Thus, it was deduced that 
organelles marked by AtEMP2-GFP are likely trans-Go\g\ network (TGN). 
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Figure 4 AtEMP2-GFP was separated from the Golgi marker 
Manl-mRFP in BY-2 protoplasts. 
AtEMP2-GFP was co-expressed with Manl-mRFP (Golgi marker) in 
tobacco BY-2 protoplasts. AtEMP2-GFP did not colocalize but closely 
associated with Manl-mRFP (Golgi marker). After BFA treatment for 
Ihr, both punctate dots formed aggregates that remained close 
association. DIG, Differential interference contrast. Scale bar 5Q^m. 
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Next, I compared AtEMP2-GFP with the PVC marker mRFP-AtVSR2 
via co-expression in BY-2 protoplasts. As shown in Figure 5, these two 
proteins were largely separated with some colocalization. Upon BFA 
treatment, most AtEMP2-GFP signals were induced to form aggregates while 
the PVC marker remained punctate. Although most of the AtEMP2-GFP 
signals formed aggregation upon BFA treatment, a few dots remained 
unaffected and colocalized with the PVC marker. In addition, when cells were 
subjected to wortmannin treatment, the PVC marker mRFP-AtVSR2 showed 
clear response to wortmannin by forming typical ring structures, while 
AtEMP2-GFP was also sensitive to wortmannin treatment by forming ball like 
structures that located in the ring structures of PVC (Figure 5, panel 3). 
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Figure 5 AtEMP2-GFP separated from the PVC marker mRFP-
AtVSR2 in BY-2 protoplasts. 
AtEMP2-GFP was co-expressed with mRFP-AtVSR2 (PVC marker) in 
tobacco BY-2 protoplasts. Small amount of punctate dots was found to 
colocalize but others mainly appeared separate (Panel 1). After Ihr 
BFA treatment, only AtEMP2-GFP formed aggregates while mRFP-
AtVSR2 remained punctate (Panel 2). After 1.5hr wortmannin 
treatment, mRFP-AtVSR2 formed typical ring structures for PVC and 
AtEMP2-GFP gave ball like structures inside the ring structures of 
mRFP-AtVSR2 (Panel 3). DIC, Differential interference contrast. Scale 
bar == 50|j-m. 
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To further confirm the localization of AtEMP2-GFP, AtEMP2-GFP 
was co-expressed with the TGN marker mRFP-SYP61, and these two proteins 
were found to be largely colocalized (Figure 6, panel 1), indicating TGN 
localization of AtEMP2-GFP. In addition, both signals reacted to BFA 
treatment to form aggregates that were also colocalized (Figure 6, panel 2). 
Similarly, ball like structures were also observed after wortmannin treatment 
for these two proteins (Figure 6, panel 3). Taken together, these results 
indicated that AtEMP2-GFP mainly localized to TGN with a small population 
of AtEMP2-GFP appeared in PVC in tobacco BY-2 cells. PVC localization of 
AtEMP2-GFP may represent those leading to vacuole via PVC for degradation. 
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Figure 6 AtEMP2-GFP colocalized with the TGN marker mRFP-
SYP61 in BY-2 protoplasts. 
Both of AtEMP2-GFP and TGN marker showed response to BFA 
treatment forming aggregation. The aggregates were also colocalized. 
TGN maker were known to react to wortmannin forming ball like 
structures. Both AtEMP2-GFP and TGN marker showed similar 
response to wortmannin. DIG, Differential interference contrast. Scale 
bar = 50}im. 
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3.1.2 AtEMP2-GFP Localized to TGN in Arabidopsis Protoplasts 
It has been argued that experiments should be conducted in Arabidopsis 
system rather than tobacco BY-2 system since AtEMP2 belongs to the 
Arabidopsis genome. However, all of our known marker genes and transgenic 
cell lines expressing marker fusions were originally developed in tobacco BY-
2 system. Furthermore, tobacco BY-2 suspension cells are easy to handle and 
have been used successfully in various biological experiments with advantages, 
such as manipulation of cell cycle, shorter cell cycle, easy to maintenance, 
clear observation of fluorescent signals and obvious reaction to drug treatment. 
Thus, tobacco BY-2 suspension cells have been the first system to be used and 
tested in my study. 
To address the issue of heterologous expression of AtEMP2 in tobacco 
BY-2 cells, I next used the Arabidopsis suspension cultured cell system. Thus, 
transient experiment was also conducted using Arabidopsis PSB-D protoplasts 
to verify the localization of AtEMP2-GFP from BY-2 cells. Wild type 
Arabidopsis PSB-D suspension cultured cells were used for preparing 
protoplasts because PSB-D cells were kept in dark and lacked chlorophyll. 
Chlorophyll can produce autofluorescence that may cause confusion on 
observation of fluorescent signals. As shown in Figure 7, when co-expression 
in pair with known markers, AtEMP2-GFP was found to be largely separated 
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from either the Golgi marker Manl-mRFP or the PVC marker mRFP-AtVSR2 
but fully colocalized with the TGN marker mRFP-SYP61 (Figure 7, panel 2). 
Therefore, the results obtained from tobacco BY-2 and Arabidopsis cells were 
identical, confirming that AtEMP2-GFP mainly localized to TGN in these 
cells and with small population on PVC. 
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Figure 7 AtEMP2-GFP localized to TGN in Arabidopsis PSB-D 
protoplasts. 
Arabidopsis PSB-D protoplasts were transiently co-expressed with 
AtEMP2-GFP and other known markers, such as Manl-mRFP (Golgi 
marker), mRFP-SYP61 (TGN marker) or mRFP-AtVSR2 (PVC 
marker). DIG, Differential interference contrast. Scale bar = 50nm. 
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3.1.3 N-terminal GFP-tagged AtEMP2 Fusions Localized to the 
Golgi Apparatus in Arabidopsis Protoplasts. 
To further find out if the position of GFP fusion would affect the subcellular 
localization of GFP-tagged AtEMP2, two different N-terminal GFP-tagged 
GFP-AtEMP2 fusions were made. In the first construct GFP-AtEMP2, GFP 
with N-terminal aleurain signal peptide was fused to the N-terminus of 
AtEMP2 (Figure 8, top panel). In the second construct GFP-S-AtEMP2, GFP 
with N-terminal aleurain signal peptide was used to replace the N-terminus 
region of AtEMP2 and fused to the first transmembrane domain of the 
AtEMP2 (Figure 9, top panel) in which several hydrophilic amino acids were 
kept in front of the first TMD as a spacer. When these two new constructs 
GFP-AtEMP2 and GFP-S-AtEMP2 were transiently co-expressed with the 
Golgi marker Manl-mRFP in Arabidopsis PSB-D protoplasts, they were found 
to completely colocalize with the Golgi marker Manl-mRFP (Figures 8 and 9). 
In addition, in the protoplasts treated with BFA, these two proteins fully 
colocalized in the BFA-induced aggregates. These results indicated that N-
terminal GFP-tagged AtEMP2 fusions localized to the Golgi apparatus. 
The localization results from the N-terminal (GFP-AtEMP2) and C-
terminal (AtEMP2-GFP) tagged AtEMP were different, indicating that one of 
the tagged versions was mis-localized due to the position of the GFP tag. 
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Figure 8 N-terminus-tagged GFP-AtEMP2 localized to the Golgi 
apparatus. 
Top panel, chimeric DNA structure of N-terminus-tagged GFP-
AtEMP2. GFP with aleurain signal peptide was fused to the N-
terminus of AtEMP2. Bottom panel, GFP-AtEMP2 colocalized with 
the Golgi marker Manl-mRFP in Arabidopsis PSB-D protoplasts. 
Aggregation was formed after BFA treatment. DIG, differential 
interference contrast. Scale bar = 50|im. 
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Figure 9 N-terminus-replaced GFP-S-AtEMP2 localized to the 
Golgi apparatus. 
Top panel, chimeric DNA structure of N-terminal-replaced GFP-S-
AtEMP2. GFP with aleurain signal peptide replaced the N-terminal of 
AtEMP2. There was a 7-amino-acid hydrophilic spacer in front of the 
first transmembrane domain (TMD). Bottom panel, GFP-S-AtEMP2 
colocalized to Manl-mRFP (Golgi marker) in Arabidopsis PSB-D 
protoplasts. Aggregation was formed after BFA treatment. DIG, 
differential interference contrast. Scale bar = 50^m. 
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3.2 Generation and Characterization of Transgenic 
Tobacco BY-2 Cells and Arabidopsis PSB-L Cells 
Expressing AtEMP2-GFP Fusion 
Transient expression is a fast way to study subcellular localization for GFP-
tagged proteins via co-expression with known markers in protoplasts for direct 
comparison in the same cell under confocal microscopy. However, it is much 
better to generate stable transgenic cell lines to be used for further 
investigation on GFP-tagged organelles with immunofluorescent labeling, 
drug treatments, Western blot analysis and immunogold EM. Thus, I have next 
generated transgenic BY-2 cell lines expressing AtEMP2-GFP via 
Agrobacterium-mediated transformation (Tse et al., 2004). 
3.2.1 Subcellular Localization of AtEMP2-GFP Fusion in 
Transgenic BY-2 Cell Lines 
Transgenic tobacco BY-2 cell lines expressing AtEMP2-GFP showed punctate 
signals under confocal fluorescence microscopy (Figure 10). Further drug 
treatments with BFA and wortmannin were performed to identify the punctate 
organelle. As controls, I also used transgenic BY-2 cells expressing Golgi or 
PVC markers. In BFA treatment at 10 [ig mL'^  for 1 hr, punctate signals from 
GONST 1-YFP, a known Golgi maker, formed aggregation (Figure 10, panel 
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3). AtEMP2-GFP cell lines also gave strong aggregation after 1 hr BFA 
treatment (Figure 10, panel 2), indicating Golgi or TGN localization. In the 
immunolabeling experiment, AtEMP2-GFP cell lines were fixed and labeled 
with ManI antibodies. ManI antibodies did not label AtEMP2-GFP (Figure 12, 
panel 3) therefore AtEMP2-GFP localized to TGN rather than Golgi. 
In wortmannin treatment at 16.5 i^M for 1.5 hr, vacuolation of the 
punctate signals from GFP-BP-80, a known PVC marker, was triggered to 
form typical ring structures. In AtEMP2-GFP transgenic cell lines, small 
amount of the punctate signals reacted to wortmannin by forming ring 
structures but most of the punctate signals remained unchanged (Figure 10, 
panel 4). Wortmannin can cause two effects: (1) wortmannin can induce 
vacuolation of PVC; (2) wortmannin can cause redistribution of TGN proteins 
to the ring structures of PVC (Wang et al. 2009). Thus the formation of ring 
structures indicated that AtEMP2-GFP localized to either PVC or TGN. In 
short summary, these results from drug treatments indicated that the over-
expressed AtEMP2-GFP fusion proteins in transgenic BY-2 cells localized to 




Figure 10 Confocal analysis of GFP signals in living transgenic BY-2 
cells expressing AtEMP2-GFP fusion. 
Transgenic BY-2 cells expressing AtEMP2-GFP fusion showed punctate 
pattern in untreated condition. Large aggregates were found in transgenic 
cell lines expressing AtEMP2-GFP and GONSTl-YFP (Golgi marker) 
after BFA treatment. Ring structures were found in transgenic cell lines 
expressing AtEMP2-GFP and GFP-BP-80 (PVC marker) after 
wortmannin treatment. DIG, Differential interference contrast. Scale bar 
50|am. 
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3.2.2 Subcellular Localization of AtEMP2-GFP Fusion in 
Transgenic Arabidopsis PSB-D Cell Lines 
I have also generated transgenic Arabidopsis PSB-D and PSB-L cell lines 
expressing AtEMP2-GFP fusion in this study. However, the transgenic 
Arabidopsis PSB-D cell lines showed heavy vacuolar pattern with unclear 
punctate signals while the PSB-L cell lines gave good signals in the first two 
weeks but deteriorated afterwards (data not shown) which may due to the 
faster turnover rate of proteins in Arabidopsis. 
The transgenic Arabidopsis PSB-L cell lines showed a punctate pattern. 
BFA treatment caused aggregation of the punctate dots while wortmannin 
treatment induced formation of ring structures (Figure 11). Therefore, the 
effects of these drug treatments on transgenic BY-2 and PSB-L cell lines are 
identical, indicating similar localization and transport mechanism of AtEMP2-
GFP ftision proteins in BY-2 and Arabidopsis cells. 
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Figure 11 Confocal analysis of GFP signals in living transgenic 
Arabidopsis PSB-L cells expressing AtEMP2-GFP fusion. 
Transgenic Arabidopsis PSB-L cells expressing AtEMP2-GFP showed 
punctate pattern in untreated condition. Large aggregates were formed 
after Brefeldin A (BFA) treatment at 10 i^g mL-1 for Ihr. Ring structures 
were formed after wortmannin (Wort) treatment at 16.5 ^M for 1.5 hr. 
Die, Differential interference contrast. Scale ba 50 . 
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3.3 Immunofluorescent Labeling Study 
3.3.1 Manl Antibodies Did Not Label the Punctate Organelles 
To further investigate the punctate organelles in the transgenic BY-2 cell lines 
expressing AtEMP2-GFP, transgenic cells were fixed and labeled with 
different antibodies. As shown in Figure 12, GFP antibodies largely labeled 
the expressed AtEMP2-GFP in transgenic BY-2 cells (Figure 12, panel 1) 
indicating that AtEMP2-GFP proteins were successfully expressed with an 
intact full sized GFP and it can be specifically labeled by GFP antibodies. The 
PVC marker VSR antibodies showed a very small percentage of colocalization 
with AtEMP2-GFP (Figure 12, panel 2) However, the Golgi marker Manl 
antbodies labeled the over-expressing AtEMP2-GFP cell lines in an interesting 
way: little colocalization was observed, but almost all the Manl antibodies 
labeling appeared adjacent to the green AtEMP2-GFP punctate signals (Figure 
12 panel 3) indicating the close localization of AtEMP2-GFP proteins with 
the Golgi apparatus. 
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Figure 12 Immunofluorescent labeling study with different 
antibodies in transgenic BY-2 cells expressing AtEMP2-GFP fusion 
Transgenic BY-2 cells expressing AtEMP2-GFP fusion were fixed and 
labeled with anti-GFP, anti-VSR (PVC marker), anti-ManI (Golgi 
marker) respectively. As a control labelling experiment, GFP antibodies 
fully colocalized with AtEMP-GFP. VSR antibodies labelled a very 
small population of AtEMP2-GFP while ManI antibodies appeared 
closely to the AtEMP2-GFP punctate signals showing that the over 
expressed AtEMP2-GFP fusion proteins did not localized to the Golgi 
apparatus. DIG, Differential interference contrast. Scale bar 50^m. 
4 2 
3.3.2 AtEMP2 Antibodies Labeled the Golgi Apparatus 
When immunofluorescent labeling with AtEMP2 antibodies was carried out in 
transgenic BY-2 cells expressing AtEMP2-GFP fusion, AtEMP2 antibodies 
were found to be separated from but closely associated with the AtEMP-GFP 
punctate organelles (Figure 13, panel 1). Similar results were obtained when 
the Golgi marker ManI antibodies were used to label transgenic AtEMP2-GFP 
BY-2 cell lines (Figure 13, panel 3). Next, AtEMP2 antibodies were used to 
label transgenic BY-2 cell lines expressing the Golgi marker GONSTl-YFP 
and the obtained results showed that AtEMP2 antibodies fully colocalized 
with the punctate signals of GONSTl-YFP. These results demonstrated that 
AtEMP2 antibodies labeled the Golgi apparatus, indicating Golgi localization 
of the endogenous AtEMP2 proteins as detected by the AtEMP2 antibodies. 
However, since AtEMP2 antibodies did not colocalize with AtEMP2 fusion 
proteins in transgenic BY-2 cells, C-terminal GFP-tagged AtEMP2 may not 
reflect the correct subcellular localization of endogenous AtEMP2 proteins in 
plant cells. It was speculated that C-terminal GFP can cause masking effect on 
the targeting signals on the C-terminus or leading to misfolding of the 
AtEMP2-GFP and as a consequence, the AtEMP2-GFP fusion proteins were 
sent to vacuole for degradation. It can be explained that AtEMP2-GFP was 
passing through the degradation pathway towards the vacuole and hence it was 
found in TGN and PVC. 
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To summarize, AtEMP2 antibodies detected the endogenous AtEMP2 
with Golgi rather than TGN localization. Previous results (Figures 7 and 8) 
showed that C-terminus and N-terminus GFP-tagged AtEMP2 fusions had 
different subcellular localization upon their transient expression in protoplasts. 
Here, similar contradict results were also found in the immunofluorescent 
study of transgenic cell lines. Thus, further Western blot analysis were carried 
out to investigate the subcellular localization of endogenous AtEMPTO 
proteins. 
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Figure 13 Immunofluorescent labeling study with AtEMP2 
antibodies on transgenic BY-2 cells expressing AtEMP2-GFP and 
GONSTl-YFP fusions. ^ ^^^ ^ . 
AtEMP2 antibodies did not label the expressed AtEMP2-GFP fusion 
proteins but colocalized with Golgi marker proteins (GONSTl-YFP). It 
indicated that AtEMP2 antibodies could not recognize AtEMP2-GFP 
fusion proteins but labeled the endogenous AtEMP2 which were 
localized to the Golgi apparatus. DIG, Differential interference contrast. 
Scale bar = 50 . 
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3.4 Generation of AtEMPTO Antibodies 
Since GFP- or TT-tagged fusions may not represent the endogenous AtEMPTO 
localization, AtEMPTO antibodies were also generated using synthetic 
peptides as antigens to inject rabbits. Several prediction tools were used to 
select suitable peptides including von Heijne transmembrane test (von Heijne, 
1992), Antigenic index plot (Jameson and Wolf, 1988) and Kyte and Doolittle 
hydrophilicity test (Kyte and Doolittle, 1982). Finally, hydropathy profile was 
generated for peptides selection. Peptides were selected from regions with 
high antigenicity, high hydrophilicity and out of the transmembrane domains 
(Figure 14). To generate AtEMP2 antibodies, 8 regions were selected in the 
beginning while 6 of them were unique regions specific to AtEMP2. The 6 
synthetic peptides were used as antigens to raise antibodies and tested after 
affinity purification. Table 2 is the summary of peptide information. 
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Figure 14 Peptide selection for antibodies generation. 
(A) Hydropathy index of AtEMP2. Areas with positive value represent 
hydrophobic regions in AtEMP2, including the signal peptide (SP) and 
the nine transmembrane domains (TMDs), Shaded areas represent 
suitable regions to be used as antigens for antibodies production. 
(B) Enlarged hydropathy index of selected peptide region 8 of AtEMP2. 
Specific region of amino acid sequence was chosen for peptide synthesis. 
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Table 2 Peptides used for AtEMP2 antibodies generation. 
Antibody Peptide sequence 
A t E M P 2 - l V A P Q D F E K G D E L K V K V N 
A t E M P 2 - 2 C R P K K I V D S T E N L G 
A t E M P 2 - 4 G L K G Q Y E G S K E Q K Y F M 
A t E M P 2 - 5 V K H E Y E G Q W S E K T R L T T C 








251 TT^wrwrn^nFQT?WWA WnA VT T lUSlDNOmWFBiiMMCl•• •••MfKWjg 
301 BIBniRTLYRDISRYNELETOEEAOEETGWKLVHGDVFRPPANSDLLBWBB 
351 rftklhMIMyAHMi»l«“sHiBlrrTFrspsNRMt»IBIiiriMt___mTjaM _ariify ss 
401 T?T vT^TUFicrrrFwi^T^TAFRriliallhlJAMfcHhlakMMEHIwGOKSSGAVPFGli 
4 51 IJMiiMMItoMdMlaWBlMlBBBlYLGFKKPPLDDPVKTNKIPRO OAWYMN 
501 PTl8MI_hMHNartBiMalbnigglT,TSTWT;NJOFYYTiaitiai_amMaiM__yiiMnrai 
5 51 HdlliiUMT rvFOT ,rsEDYLWWWRSY[BiMtHaBMaha_iiWiiaMiaiaigLOTTK 
601 T v s ^ A M T , J O a M A M U M A f M M d M W i i A M m Y a c t . w f t r l t y s s v k i d 
*Noted that peptide sequences for antibodies generation were indicated in grey box 
with underlining, SP and TMDs were indicated in black box. 
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3.5 Western Blot Analysis 
Previous results were obtained from the fluorescent signals of protoplasts and 
transgenic cell lines in both tobacco and Arabidopsis system. AtEMP2-GFP 
and GFP-AtEMP2 fusions were found to localize to different destinations. It 
was concerned that the large size of GFP fusion could affect the folding of the 
AtEMP2 or mask important targeting signals, and as a consequence altering 
the subcellular localization and function of the expressed fusions. To address 
this concern, a smaller T7 tag containing 12 amino acids was used to fuse to 
the C-terminus of AtEMP2 that acts as a control. Transgenic tobacco BY-2 
cell lines expressing AtEMP2-T7 fusion was then generated. Since the 
AtEMP2-T7 fusion did not contain any fluorescent proteins, Western blot 
analysis was used to screen the transgenic cell lines expressing AtEMP2-T7, 
in which AtEMP2-GFP cell lines were also included for comparison. 
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3.5.1 Heat Treatment Caused Aggregation of AtEMP2-GFP Fusion 
Proteins 
Transgenic tobacco BY-2 cell lines expressing AtEMP2-GFP and AtEMP2-T7 
were generated. Western blot analysis was next conducted to characterize the 
fusion proteins. Cell soluble (CS) and cell membrane (CM) fractions were 
extracted from the wild type BY-2, wild type PSB-D and transgenic cell lines, 
followed by SDS-PAGE and Western blot analysis. The predicted size of the 
AtEMP2 was 74 kDa. With the 27 kDa GFP, the AtEMP2-GFP fusion 
proteins would reach the size of 101 kDa in calculation. However, both of the 
AtEMP2 and GFP antibodies detected two protein bands at around 75 kDa and 
100 kDa in transgenic BY-2 cells (Figure 15A). AtEMP2 antibodies also 
detected a band, slightly larger than 50 kDa in wild type PSB-D cells that was 
suspected as the endogenous AtEMP2 in Arabidopsis cells. 
Usually, it is a common practice to heat the protein samples in 95 C for 
5 minutes before SDS-PAGE separation so as to furture denature the proteins. 
To my surprise, serious aggregation in the protein samples was formed after 
95°C heating (Figure 15A). Proteins with high numbers of transmembrane 
domains (TMD) and high hydrophobicity usually form serious aggregation 
easily. High temperature should be avoided in protein extraction or stronger 
denaturing agent should be used. Therefore, all the protein samples were not 
heated for the Western blot analysis thereafter. GFP antibodies also detected a 
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serious aggregation at the top of the membrane (Figure 15B), which the 
protein samples were heated in 95°C for 5 minutes. 
3.5.2 Size Change of AtEMP2-GFP Fusion Proteins in Response to 
Heat Treatment 
The formation of aggregation in high temperature was identified as a special 
characteristic of the AtEMPTO proteins. Protein samples were subjected to 
different temperatures treatments in order to study the heat effect on AtEMPTO 
proteins. Protein samples were heated in a gradient temperature from 35°C to 
95 C prior to Western blot analysis. The obtained results showed that two 
protein bands of 75 kDa and 100 kDa were detected in unheated samples and 
in samples treated with lower temperature (35°C-55°C), but the 75 kDa 
protein band gradually became weaker with the increase of the temperature. 
Started from 65°C, the 75 kDa protein band was completely disappeared and 
the 100 kDa protein band became more obvious. In 95°C, protein samples 
formed serious aggregation as shown before (Figure 15B). GFP antibodies 
detected the aggregation specifically, indicating that AtEMP2-GFP ftision 
proteins were affected by such temperature treatment. 
A more detailed study was conducted corresponding to the temperature 
effect. Since the band size transition appeared in temperatures between 55°C 
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and 65°C, protein samples were heated from 55°C to 65 C with 2.5 C 
intervals. As a result, two protein bands were detected in 55°C-treated protein 
samples while only one protein band was detected in 65 C (Figure 15B). Thus, 
the critical temperature for the protein band size change was found to be in 
60 C. 
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Figure 15 Western blot analysis of transgenic tobacco BY-2 cell lines 
expressing AtEMP2-GFP fusion. 
(A) Top panel, chimeric DNA construct expressed in BY-2 cells. GFP was 
fused to the C-terminus of AtEMP2 (AtEMP2-GFP). The fusion was 
expressed under the control of the cauliflower mosaic virus 35S promoter 
and the 3, NOS terminator. Bottom panel, Western blot analysis of 
transgenic tobacco BY-2 cell lines. Soluble protein (CS) and membrane 
protein (CM) were isolated from transgenic BY-2 cells, wild type BY-2 
cells and wild type PSB-D cells, followed by SDS-PAGE protein 
separation and protein detection using AtEMP2 and GFP antibodies. Both 
of the AtEMP2 and GFP antibodies detected two bands at about 100 kDa 
and 75 kDa in the transgenic BY-2 cells. The expressed AtEMP2-GFP 
proteins formed serious aggregation after 95 C heating for 5 min. 
(B)Western blot analysis of transgenic AtEMP2-GFP BY-2 cell lines with 
temperature gradient. Proteins extracted from transgenic BY-2 cells were 
heated in different temperature (unhealed or from 35°C to 95°C) for 2 
min, followed by protein separation and immunodetection by GFP 
antibodies. In unheated sample, two protein bands were detected. Band 
with lower molecular weight became weaker with the increase of 
temperature while the 100 kDa protein band was obvious in high 
temperature (65 C and 75°C). Serious aggregation formed when 95°C was 
applied to the protein samples. A follow-up experiment was conducted. 
Temperature gradient was focused in 55 C to 65°C when transition of the 
protein band size appeared. 60°C was determined as the critical 
temperature that the 75 kDa protein band started to become weaker. 
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3.5.3 Aggregation Formation of AtEMP2-T7 Fusion Proteins in 
95°C 
Similarly, proteins extracted from transgenic AtEMP2-T7 cell lines were 
subjected to Western blot analysis and heat effect study. The expressed 
AtEMP2-T7 fusion proteins were detected specifically by both AtEMP2 and 
T7 polyclonal antibodies (Figure 16), in which a single protein band of around 
60 kDa was detected, which was smaller than the expected size 74 kDa. Heat 
effect study demonstrated that there was no transition of protein band size with 
the increase of temperature, but serious protein aggregation was still formed in 
95°C-treated protein samples (Figure 16B). Thus, the aggregation formation 
was a special characteristic of AtEMPTO proteins due to the high 
hydrophobicity of the numerous TMDs. Previous publication showed that 
hydrophobic membrane protein formed stable protein aggregations after 
100 C boiling. The SDS-resistant aggregation was easily promoted by high 
temperatures, organic solvents and acidic pH (Sagne et al., 1996). This 
characteristic was used as a tool to screen for good AtEMPTO antibodies that 
detect endogenous AtEMPTO for subcellular fractionation. 
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Figure 16 Western blot analysis of transgenic tobacco BY-2 cell 
lines expressing AtEMP2-T7 fusion. 
(A) Top panel, chimeric DNA construct expressed in BY-2 cells. T7 tag 
was fused to the C-terminus of AtEMP2 (AtEMP2-T7). The fusion was 
expressed under the control of cauliflower mosaic virus 35S promoter 
and the 3, NOS terminator. Bottom panel, Western blot analysis of 
transgenic Tobacco BY-2 cell lines. Both of the AtEMP2 and T7 
antibodies detected single band at about 60 kDa while no corresponding 
band was detected in wild type BY-2 cells. 
(B)Western blot analysis of transgenic AtEMP2-T7 BY-2 cell lines with 
temperature gradient. Only a 60 kDa single protein band was detected in 
transgenic BY-2 cell lines. The detected band gradually became weaker 
when the temperature was increased. Serious aggregation formed when 
95°C was applied to the protein samples. 
3.5.4 Distribution of Endogenous AtEMPTO in Arabidopsis Wild 
Type Cells 
Proteins extracted from Arabidopsis wild type PSB-L suspension cultured 
cells were separated into S100, P100 and P10 fractions. SI00 contains pure 
soluble proteins, PI00 contains small vesicles and P10 contains membrane 
proteins. These three fractions allowed us to investigate the distribution and 
characteristic of a protein type. For example, as shown in Figure 17 an ER 
resident BiP was a soluble protein but appeared in all SI00, PI00 and PI0 
fractions because BiP was very abundant and found in various organelles in 
plant cells. In contrast, VSR was found to be more abundant in PI00 and P10 
fractions, whereas gamma-TIP (Tonoplast Intrinst Protein) and ManI appeared 
mainly inPlO fraction. 
Western blot analysis using antibodies against the four individual 
AtEMPTO members showed that the endogenous AtEMPTO proteins were 
mainly found in PIO fraction together with a much weaker signal in PI00 
fraction. No protein band of endogenous AtEMPTO was detected in SI00 
fraction. Similar results were obtained with the four individual AtEMPTO 
antibodies, indicating the characteristic of typical membrane proteins. In 
addition, it seems that microsomal protein extraction is useful for 
distinguishing the non-specific protein bands from the endogenous protein 
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band. For example, the non-specific protein bands around 50 kDa were 
separated in SI00 fractions while the endogenous protein band was shown in 
PIO fraction (Figure 17F). These results explained that less non-specific 
protein bands were detected in the following subcellular fractionation. Thus, 
results from a more pure fraction were more reliable. 
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Figure 17 Endogenous AtEMPTO proteins are mainly present in 
the membrane. 
Three fractions were first isolated from Arabidopsis wild type PSB-L 
suspension cultured cells: SI00 representing soluble proteins, PI00 
representing small vesicles, and P10 representing large membranes. 
Total proteins from an equal volume of the three individual fractions 
were separated by SDS-PAGE, followed by Western blot analysis with 
various antibodies, as indicated. Asterisks indicate the position of the 
detected proteins. 
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3.6 Subcellular Fractionation 
3.6.1 C-terminal GFP- or TT-tagged Fusion Affected the 
Subcellular Localization of AtEMP2 
Subcellular fractionation analysis of transgenic BY-2 cell lines expressing 
AtEMP2-GFP and AtEMP2-T7 was next carried out (Figure 18). PVC marker 
proteins VSR (Vacuolar Sorting Receptor) were detected in wider range of the 
fractions with major peaks at fractions 17 and 19, while Golgi marker proteins 
ManI were detected at a confined range of the last few fractions with major 
peaks at fractions 19-23. Fractions before the PVC fractions 17 and 19 would 
be the TGN fraction. 
As shown in Figure 18A, GFP and AtEMP2 antibodies detected the 
AtEMP2-GFP fusion proteins in all fractions but concentrated at fraction 5 
and fractions 15-19, indicating that AtEMP2-GFP fusion proteins may localize 
to both PVC and TGN fractions. In theory, AtEMP2-GFP and AtEMP2-T7 
fusion proteins should target to the same organelle. However, patterns detected 
by AtEMP2 antibodies in transgenic AtEMP2-GFP and AtEMP2-T7 cell lines 
were different (Figure 18A vs. Figure 18B). AtEMP2 antibodies detected 
AtEMP2-T7 in fractions 5-23 in a long exposure with concentrated fractions 
in the last few fractions. In a shorter exposure, AtEMP2-T7 was not detected 
in all fractions but was found in fractions 17-21. 
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Different results were obtained when polyclonal T7 antibodies were 
used to detect the same fraction samples from the transgenic AtEMP-T7 cell 
lines. Western blot analysis was repeated in stripped membrane and second 
round of SDS-PAGE experiment. T7 antibodies detected AtEMP2-T7 fusion 
proteins at fractions 15, 17 (Figure 18B). T7 antibodies should reflect the real 
situation of AtEMP2-T7 fusion proteins. Since AtEMP2 antibodies may detect 
both AtEMP2-T7 fusion proteins and the endogenous AtEMP2, the pattern in 
long exposure of AtEMP2 antibodies likely revealed the distribution of not 
only the expressed AtEMP2-T7 but also the endogenous AtEMP2. In addition, 
the short exposure result suggested that endogenous AtEMP2 localized to 
Golgi fraction. Thus, it is likely that C-terminal tag affected the targeting 
signals in the cytosolic tail of AtEMP2 and caused mis-targeting of the fusion 
proteins. In such case, GFP and T7 antibodies could only detect the over-
expressed fusion proteins while AtEMP2 antibodies revealed the subcellular 
localization of endogenous AtEMP2 proteins. 
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Figure 18 Subcellular fractionation of transgenic BY-2 cell lines 
expressing AtEMP2-GFP and AtEMP2-T7 fusions. 
Transgenic BY-2 cell lines expressing AtEMP2-GFP and AtEMP-T7 
fusions were subjected to sucrose gradient for ultra-centrifugation. The 
fractions collected were used for immunoblot analysis. 
(A)Western blot analysis of sucrose gradient fractions using antibodies 
against VSR (PVC marker), Manl (Golgi marker), GFP and AtEMP2, 
revealed that the over-expressed AtEMP2-GFP proteins were found in 
all fractions and it showed a peak at fraction 5 and fraction 15-19. 
Antibodies against GFP and AtEMP2 showed the same result that 
AtEMP2-GFP proteins spread along the fractions. 
(B) Western blot analysis of sucrose gradient fractions using antibodies 
against AtEMP2 and T7 revealed that the over-expressed AtEMP2-T7 
proteins appeared in most of the fractions. But the two antibodies gave 
different immunoblot results. AtEMP2 antibodies first detected band at 
fraction 17-23 corresponding to Golgi fractions. In longer exposure, 
AtEMP2 antibodies showed that band appeared in a wider range 
(fraction 5-23). However, T7 antibodies showed that the over-expressed 
AtEMP2-T7 proteins appeared at fraction 5-23 with a peak at fraction 15 
and 17. It was speculated that T7 antibodies was correctly showing the 
actual distribution of AtEMP-T7 proteins while AtEMP2 antibodies was 
detecting both the endogenous AtEMP2 and the over-expressed 
AtEMP2-T7 proteins. 
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3.6.2 Endogenous AtEMPTO Localized to the Golgi Apparatus 
Antibodies against different members of AtEMPTO were next used to detect 
AtEMP2 proteins in wild type Arabidopsis PSB-L protein samples (Figure 
19A). The samples were heated in either 70 C or 95 C. According to results 
shown in previous Figure 15, aggregation of AtEMPTO fusion proteins was 
formed after 95 C heating. Indeed, 95 C heating should also cause 
aggregation of endogenous AtEMPTO. Thus antibodies were screened 
according to this characteristic. Five AtEMPTO antibodies were selected (anti-
AtEMP2-4, anti-AtEMP2-8, anti-AtEMP4, anti-AtEMP8 and anti-AtEMPlO). 
All of them detected a band around 60 kDa except that AtEMPS 
antibodies detected a protein band with molecular weight lower than 50 kDa 
(Figure 19A). AtEMPlO antibodies detected two protein bands in 70°C-treated 
protein samples which may be due to the predicted N-linked glycosylation 
sites in AtEMPlO proteins. Glycosylated AtEMPlO appeared as larger size 
while partial or non-glycosylated AtEMPlO was detected as smaller size. All 
of these detected protein bands formed aggregation after 95°C heating. It was 
obvious that antibodies against AtEMP4 and AtEMPS detected non-specific 
protein bands. The non-specific bands were found in both 70°C- and 95°C-
treated samples because they remained unaffected in the 95°C heated samples 
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(Figure 19A), while specific bands that can response to heat treatment 
represented the endogenous AtEMPTO. 
Since AtEMPTO antibodies against individual endogenous AtEMPTO 
were screened successfully, subcellular fractionation was done with wild type 
Arabidopsis PSB-L cells, followed by Western blot analysis with the five 
selected AtEMP antibodies. To indicate different organelle fractions, VSR 
antibodies were used to detect PVC fraction (fractions 17and 19) while Golgi 
marker proteins were found in fractions 17-21. The five antibodies against 
different members of AtEMPTO were able to detect the corresponding 
endogenous AtEMPTO in Golgi fractions (Figure 19B). The detected 
endogenous AtEMPTO were able to react to heat treatment that all the protein 
bands were disappeared after 95 C heating for 5 minutes (data not shown). 
Therefore, at least four endogenous AtEMPTO protein members (AtEMP2, 
AtEMP4, AtEMPS and AtEMP 10) localized to the Golgi apparatus. 
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Figure 19 Endogenous AtEMPTO proteins were detected in Golgi 
fractions. 
(A) According to the high temperature effect on AtEMPTO proteins, 
antibodies against different AtEMPTO protein members were tested on 
PSB-L wild type proteins. Four AtEMPTO antibodies were able to detect 
a 60kDa protein band which disappeared after 95°C treatment forming 
aggregates at the top of the Western blot. The detected band was the 
endogenous AtEMPTO in PSB-L wild type cells. 
(B) Arabidopsis PSB-L wild type cells were subjected sucrose gradient 
for ultracentrifugation. Different organelles were distributed across the 
sucrose gradient according to their density. Fractions collected were 
used in Western blot analysis. Antibodies against VSR were used to 
indicate fractions having PVC contain (fraction 17-19) while antibodies 
against ManI were used to indicate Golgi fractions (fraction 17-21). 
Five individual antibodies against AtEMP2 (2 and 8), AtEMP4, 
AtEMPS and AtEMPIO were proved to detect endogenous AtEMPTO in 
Golgi fractions. 
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Chapter 4 Discussion and Future Perspectives 
4.1 Discussion 
EMP70 protein family was first identified in the late endosome of yeast 
(Singer-Kruger et al., 1993) and the human EMP70 was also found 
predominantly in endosomal fractions (Schimmoller et al., 1998). In plant 
cells, only one study showed that the Arabidopsis EMP70 family proteins 
were localized in the Golgi apparatus via a large-scale proteomic mapping 
study of Arabidopsis organelles (Dunkley et al” 2006). However, AtEMPTO 
was recently identified from the PVC fraction of Arabidopsis suspension 
cultured cells from our laboratory. Thus, the subcellular localization and 
function of AtEMPTO remain elusive. 
In my study, transient expression system and transgenic cell lines 
expressing GFP-tagged fusions were used to investigate the subcellular 
localization of AtEMPTO. Experiments were conducted in both Arabidopsis 
and tobacco BY-2 cells to address the concern of heterologous expression. In 
transient expression, AtEMP2-GFP fusion proteins were found to colocalize 
with the TGN marker, while the N-terminal GFP-tagged fusions (GFP-
AtEMP2 and GFP-S-AtEMP2) were found to localize to the Golgi apparatus. 
Similar results were observed in both transgenic Arabidopsis and tobacco BY-
2 cell lines. Punctate fluorescent signals in transgenic cell lines formed 
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aggregates or ring-like structures in response to BFA wortmannin treatment. 
However, in immunofluorescent labeling s1:udy, AtEMP2 antibodies were fully 
colocalized with the Golgi marker proteins GONSTl-YFP and appeared 
adjacent to the expressed AtEMP2-GFP fusion proteins. These results 
indicated that AtEMP2 antibodies labeled endogenous AtEMP proteins in the 
Golgi apparatus rather the TGN. 
Similarly, by using antibodies against different AtEMPTO protein 
members, endogenous AtEMPTO was also detected in the Golgi fraction upon 
subcellular fractionation. Thus, the TGN/PVC localization of the C-terminal 
GFP-tagged AtEMP2-GFP fusion may not reflect the subcellular localization 
of the endogenous AtEMPTO proteins in BY-2 and Arabidopsis cells, which 
could be due to the effect of GFP tag on the correct targeting of AtEMP. From 
the heat effect study, AtEMP2-GFP fusion proteins were detected as two 
protein bands that showed a size transition starting from 60°C. In comparison, 
protein samples extracted from AtEMP2-T7 cell lines did not show band size 
transition. These results indicated that C-terminal GFP tag may induce 
biochemical changes to the fusion proteins. Taken together, C-terminal tag 
caused mis-targeting of AtEMP fusion proteins while endogenous AtEMPTO 
and GFP-AtEMP fusion proteins localized to the Golgi apparatus. 
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Previously, a study reported that a hydrophobic membrane protein 
formed serious aggregation if the protein was boiled before SDS-PAGE 
separation (Sagne et al., 1996). It proved that hydrophobic proteins had a high 
tendency to form heat-induced aggregates. The aggregates may be due to 
intermolecular interactions of the residual structures. In my study, AtEMPTO 
proteins containing nine transmembrane domains also had a high 
hydrophobicity and hence identical aggregation behaviour was observed. 
Taking advantage of this special characteristic, antibodies recognizing 
endogenous AtEMPTO were selected. The endogenous AtEMPTO identity of 
the detected protein band can be assured by the aggregation behaviour. The 
selected antibodies were used in the subcellular fractionation study to show 
that endogenous AtEMPTO localized to the Golgi fraction in wild type 
Arabidopsis. 
After that, LC-MS/MS (liquid chromatography-mass spectrometry) 
analysis was carried out to further verify the Golgi localization of endogenous 
AtEMPTO. In this ongoing experiment, the aggregation feature was used as a 
purification procedure to concentrate endogenous AtEMPTO in each fraction. 
All of the fractionated proteins were heated in 95 C prior to SDS-PAGE. Then, 
the very top of the separating gel was cut out for trypsin digestion and 
followed by LC-MS/MS. The aggregation of AtEMPTO can be detected in 
Western blot analysis and silver stain. Thus, amount of AtEMPTO was 
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increased by heating the protein samples that in a consequence can increase to 
chance of identifying AtEMPTO in LC-MS/MS. Large aggregation was formed 
on the top of the gel which also helped to purify the endogenous AtEMPTO. So 
far, enriched samples have already been prepared for LC-MS/MS. It is 
expected that protein members of endogenous AtEMPTO will be found in the 
Golgi fractions via LC-MS/MS analysis. 
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4.1.1 ER Export Signal in the Cytosolic Tail of AtEMPTO 
From the results in subcellular fractionation, C-terminal tag can cause a 
different localization of fusion proteins when comparing to the endogenous 
AtEMPTO. Therefore, it was speculated that the presence of GFP at the C_ 
terminus of AtEMPTO may mask important targeting signals in the cytosolic 
tail (CT) in AtEMPTO, hence resulting in mis-targeting of AtEMP2-
GFP/AtEMP2-T7 fusion protein. To find out if there is any known targeting 
motif in the CT of all AtEMPTO, an alignment analysis was carried out. A 
conserved di-hydrophobic motif FT/FV and a hydrophobic amino acid Y at 
position -7 are thought to be important for protein targeting (Figure 20), 
because a pair of bulky hydrophobic residues (FF, YY or FY) has been 
described as di-hydrophobic or di-aromactic motifs essential for ER export of 
membrane proteins (Barlowe, 2003). The study demonstrated that ER export 
was dependent on specific target motifs. Signaling elements in transmembrane 
proteins were exposed to the cytosol and recognized by subunits of the COPII 
coat to trigger efficient ER export. 
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Figure 20 Alignment of C-terminal cytosolic tails of AtEMPl-10. 
Conserved di-hydrophobic (FT/FV) motifs were identified at position -12 
and-11 (grey box). The tyrosine at position -7 was also found to be crucial 
to efficient ER export. 
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In fact, mutagenesis analysis on the CT of AtEMPTO has been 
performed by my labmate and the obtained results showed that mutation of the 
di-hydrophobic motif seriously retarded the export of AtEMPTO from ER. 
Thus, the di-hydrophobic motif at the C-terminal cytosolic tail of AtEMPTO 
was an ER export signal. 
4.1.2 Potential Golgi Retention Signal in the Cytosolic Tail of 
AtEMPTO 
The mechanism of mis-targeting of AtEMP2-GFP fusion proteins remains 
unknown. AtEMP2-GFP fusion proteins were found to localize to TGN rather 
than the Golgi apparatus. AtEMP2-T7 was also detected in TGN/PVC 
fractions in subcellular fractionation. Thus, extra C-terminal tag caused the 
fusion proteins to leave Golgi and reach TGN. Being a Golgi resident protein, 
AtEMPTO may contain Golgi retention signal in the C-terminal cytosolic tail. 
Thus, extra C-terminal tag may mask the Golgi retention signal, causing 
AtEMP2-GFP to leave Golgi and reach post-Golgi organelles. Further 
experiments are needed to identify the Golgi retention signal in AtEMPTO. 
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4.2 Future Perspectives 
Ten AtEMP homologs are found in the Arabidopsis genome. In this study, 
four of the AtEMP protein members were found to localize to the Golgi 
apparatus. It is possible that all AtEMP protein members localize to the same 
organelle and perform similar function. In this connection, numerous copies of 
AtEMP may be functional redundant. It would thus be difficult to obtain 
phenotype from T-DNA insertional AtEMP mutant plants. Thus, RNAi-
silenced plants can be used for functional study of AtEMP, in which RNAi 
against conserved regions can be made to silence the endogenous AtEMPTO in 
Arabidopsis wild type plant. Also, since AtEMPTO proteins share high 
similarity among each other, a few RNAi silenced plants can be generated, 
followed by crossing among the silenced plants. Then, phenotype of multiple 
knockdout of AtEMPTO can be studied. 
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